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REFERENCES 
SECTION 1 - In t roduct ion 
SUMMARY AND EVALUATI ON 
This document prescr ibes  and evaluates a procedure f o r  est imating upper 
bounds on the  mean concentration of v i ab l e  organisms buried wi thin  
individual  spacecraf t  materials.+: 
Presented here in  i s  an analys is  of a procedure f o r  assaying b io log ica l  
contamination buried o r  embedded i n  spacecraf t  mater ia ls .  The procedure 
requires  the  control led  f rac tu re  of representa t ive  samples of a mater ia l  
whose buried loading i s  of i n t e r e s t .  Each sample is  t es ted  f o r  bio- 
l og i ca l  contamination on the  t o t a l i t y  of surfaces exposed as  a r e s u l t  of 
the  f rac tu r ing  process. The bas ic  datum or  observation cons i s t s  of the  
proport ion of samples which y i e ld  contamination upon cul tur ing.  Conven- 
t i o n a l  s t a t i s t i c a l  techniques, combined with an assumed r e l a t i o n  between 
the  mean concentrat ion of organisms buried wi th in  the  mater ia l  and the  
observed datum, produce an upper bound est imate f o r  the  unknown mean con- 
I c en t ra t ion ,  expressed t o  any prescribed l eve l  of confidence. I n  p r inc ip le ,  
the  " conse rva t i~enes s '~  of the  r e su l t i ng  est tmate I s  d i r e c t l y  re la ted  t o  
t h e  sample s i z e  and the  amount of surface  a rea  exposed by f r ac tu r e ;  a s  the  
sample s i z e  and/or exposed area  increase(s)  the  di f ference between the  
est imate and the  unknown mean load tends t o  decrease. 
The procedure, i f  f e a s ib l e  i n  terms of accuracies derived, engineering 
p r a c t i c a l i t y  and economics, would be very use fu l  i n  the  spec i f i c a t i on  of 
r e a l i s t i c  spacecraf t  s t e r i l i z a t i o n  requirements. This follows from the  
f a c t  t h a t  s t e r i l i z a t i o n  requirements a r e  qu i te  s ens i t i ve  t o  the  re lease  
of buried contamination. Signif icant  decreases i n  these requirements may 
be poss ible  i f  r e a l i s t i c  est imates of t he  buried bio-loads a r e  made ava i l -  
able.  Conventional bio-assay techniques a r e  impractical  f o r  most appl ica t ions  
t o  spacecraf t  mater ia ls  s ince  they require  t ha t  the mater ia ls  be e i t h e r  
pulverized o r  dissolved.  The procedure discussed here in  requires  ne i the r  
of these  act ions  and, moreover, requires  no d i r e c t  counting of v iab le  
organisms. 
There a r e  po ten t ia l  shortcomings i n  the  proposed procedure. I n  pa r t i cu l a r ,  
t h e r e  may be p r a c t i c a l  engineering d i f f i c u l t i e s  o r  cos t  considerat ions 
which l i m i t  t he  app l ica t ion  of t he  technique. Moreover, t he  accuracies 
r e su l t i ng  from i t s  appl ica t ion could t u rn  out t o  be l e s s  than desired.  For 
these  reasons, i t  i s  important t h a t  t e s t s  and fu r the r  analyses be conducted 
t o  resolve these  questions before s t eps  a r e  taken t o  operat ional ly  imple- 
ment the  procedure. 
+;The concept underlying the  procedure discussed here in  was o r i g ina l l y  
suggested by L. Hal l ,  Office of Biosciences, National Aeronautics and Space 
Administration. 

SECTION 2 - Bckground 
SENSITIVITY OF MISSION REQUIREMENTS TO THE RELEASE OF BURIED 
CONTAMINATI ON 
Sterilization requirements for individual lander missions are quite sensi- 
tive to the release characteristics of buried contamination. Effective 
techniques for assaying buried contamination could lead to substantial 
decreases in these requirements. 
Recent analyses indicate that spacecraft sterilization requirements for 
planetary lander missions are quite sensitive to the release characteristics 
of contamination buried (embedded) within spacecraft materials. In fact, 
under the majority of presumably realistic situations studied, the threat 
of buried contamination was the controlling factor in the determination 
of sterilization requirements. Within the context of the subject analyses, 
this result was attributed to the relatively high resistance of buried 
contamination to sterilizing temperatures, as compared with resistances of 
contamination located on open and between mated surfaces (resistance being 
represented by the D-value parameter of the exponential survival curve). 
The relatively high resistance of buried contamination presently assumed 
(viz. D126O~ = 5 hours) was not the only factor contributing to the 
dominance of buried contamination in the determination of sterilization 
requirements. Two other major contributors were (1) the break-up character- 
istics of spacecraft materials containing buried contamination and (2) the 
amount of contamination actually buried within these materials, i.e. the 
threat of buried contamination is directly related to the existing amount 
of contamination and its accessibility to a planetary environment upon 
impact. The lack of definitive data relating to these factors presently 
necessitates a pessimistic view of their quantitative effects on steril- 
ization requirements. Therefore, in exploring alternatives for decreasing 
sterilization requirements on individual lander missions, consideration should 
be given to justifying less pessimistic representations of the effects of 
these factors. This could be accomplished by determining more realistic 
estimates of spacecraft break-up characteristics and buried bio-loadings. 
The break-up characteristics of spacecraft materials should be and are being 
investigated.2 However, there are inherent difficulties associated with the 
quantification of this aspect of the buried biological threat. For example, 
there are practical problems associated with measuring the amount of break- 
up and relating it to flight path parameters such as impact velocity, In 
£act, very little is presently known'about the fracturhng characteristics of 
the many varieties of spacecraft materials. In many respects, determination 
of the amount of buried contamination is less complicated than the break-up 
problem, For example, the magnitude of the buried bio-load has nothing to 
do with the uncertainties of the mission flight pathwhereas the amount of 
spacecraft break-up is intimately related to the mission flight path para- 
meters. The extensive background material in existence concerning biological 
loadings and their measurement, also suggests it to be a more fertile area 
of investigation. 

SECTION 2 - Background 
DRAWBACKS OF CONVENT1 ONAL B I  0-AS SAY TECHNIQUES 
Conventional techniques fo r  assaying buried contamination a r e  impractical 
f o r  appl icat ions  t o  most spacecraft  mater ia ls  s ince  they require  t ha t  
mater ia ls  be e i t h e r  pulverized o r  dissolved. 
Standard laboratory procedures f o r  the  detect ion and enumeration of buried 
contamination f a l l  i n to  two major categories.  One c l a s s  of procedures 
requires  t ha t  t he  subject  mater ia l  be broken i n to  very small pieces ( i .e .  
pulverized) and t ha t  d i r ec t  counts of the  exposed organisms be made. A 
second c l a s s  of procedures requires t ha t  t he  material  under invest igat ion 
be dissolved i n  a su i t ab l e  solvent which is  non-toxic t o  the  buried organisms. 
This second procedure a l so  involves the  subsequent counting of exposed 
organisms. 
Several drawbacks a r e  inherent i n  t he  appl icat ion of the  above techniques, 
especia l ly  where spacecraft  mater ia ls  a r e  involved. Basically,  the re  a r e  
ser ious  questions r e l a t i ng  t o  the  p r ac t i c a l i t y  of pulverizing or  dissolving 
most spacecraft  materials  (as opposed t o  laboratory appl icat ion of those 
techniques which mainly involve mater ia ls  t ha t  can be appropriately pulverized 
o r  dissolved). I n  the  par t i cu la r  case of pulverization techniques, t he  
basic  object ive  i s  t o  reduce the  s o l i d  t o  pa r t i c l e s  of a s i z e  which e s sen t i a l l y  
re leases  a l l  organisms t ha t  a r e  present without damaging the  individual  
c e l l s .  Signif icant  numbers of organisms usually go undetected s ince  the  
chance of re leas ing a l l  of them i s  very small. I n  addi t ion,  it has been 
found t ha t  the  pulverization process i t s e l f  damages o r  "k i l l s "  s i gn i f i c an t  
numbers of organisms, thus rendering them undetectable. For the  most pa r t ,  
these  two engineering problems prohibi t  a precise  assay; i f  the  pulver izat ion 
i s  complete enough then it i s  l i k e l y  t ha t  a s i gn i f i c an t  number of organisms 
w i l l  be damaged i n  the  process. The analogous problem associated wi th  the  
use of solvents i s  t ha t  very few types of materials  can be dissolved with- 
out using combinations of heat ,  pressure and chemicals which destroy the  
buried organisms. Final ly ,  both c lasses  of procedures a r e  appropriate only 
when counting high concentrations of contamination. They a r e  ine f fec t ive  
o r ,  a t  be s t ,  i ne f f i c i en t  when applied t o  the  low numbers of organisms 
buried withiin aerospace. hardware. Their r e l i a b i l i t y  fo r  measuring low densi- 
t i e s ,  (e.g. l e s s  than one organism per cubic centimeter) has not been ade- 
quately established.  
SECTION 3 - Development of t h e  Bio-Assay Procedure 
BAS1 C CONCEPTS AND ASSUMPTIONS UNDERLYING THE PROPOSED PROCEDURE 
The proposed procedure i s  premised upon a more-or- less  uniform d i s t r i b u t i o n  
of bu r i ed  contaminat ion and t h e  r e l e a s e  of t h e  b i o l o g i c a l  con ten t s  o f  a 
subvolume of m a t e r i a l  exposed through f r a c t u r i n g .  
Suppose a g iven  volume of homogeneous s p a c e c r a f t  m a t e r i a l  which con ta ins  
bur ied  contaminat ion is f r a c t u r e d  i n t o  s e v e r a l  d i s t i n c t  p ieces .  It is reason-  
a b l e  t o  assume t h a t  t h e  f r a c t u r i n g  process  e f f e c t i v e l y  exposes t h e  b io -  
l o g i c a l  con ten t s  of a subvolume, Ve, f  t h e  i n t e r i o r  of t h e  matee ia l .  Anal- 
y s i s  of r e c e n t  f r a c t u r i n g  experimentsq1) i n d i c a t e s  t h a t  Expression (1) on 
t h e  f ac ing  page is  an  accep tab le  r e p r e s e n t a t i o n  of t h e  exposed subvolume, 
I n  t h i s  express ion  A, denotes  t h e  s u r f a c e  a r e a  newly exposed a s  a r e s u l t  
of f r a c t u r i n g  and X denotes  an  e f f e c t i v e  depth  of pene t r a t ion ,  i . e . ,  t h e  
depth  beneath t h e  exposed s u r f a c e  t o  which previous ly  bu r i ed  contaminat ion 
is r e l eased .  For convenience, X i s  des igna ted  t h e  "exposure dep th  co-  
e f f i c i e n t " .  This  concept of a subvolume ex3osed by f r a c t u r i n g  was a p p l i e d  
t o  t h e  d a t a  obta ined  from t h e  previous ly  mentioned experiments. Es t imates  
of 1 evolved which ranged between one (1) and t h r e e  (3) microns. Th i s  
range has i n t i u i t i v e  appeal  i n  t h a t  i t  encompasses t h e  mean diameter  of  
mic rob ia l  spores .  
i t  is  reasonable  t o  assume t h a t  contaminat ion bu r i ed  w i t h i n  an  homogeneous 
m a t e r i a l  i s ,  f o r  t h e  most p a r t ,  uniformly d i s t r i b u t e d  throughout t h e  i n -  
t e r i o r .  Moreover, assuming a s t a n d a r d i z a t i o n  o r  un i formi ty  of p a r t s  pro-  
duc t ion  procedures sugges ts  t h a t  t h e  concen t r a t ion  of contaminat ion pe r  
u n i t  volume of m a t e r i a l  i s  randomly d i s t r i b u t e d  about  some f ixed  va lue ,  C. 
These obse rva t ions ,  a long  w i t h  r ecogn i t i on  of an  e s s e n t i a l l y  unending 
source  of contaminat ion i n  product ion  environments sugges t  t h e  Paisson 
d i s t r i b u t i o n  a s  an  a p p r o p r i a t e  formulat ion f o r  d e s c r i b i n g  t h e '  d i s p e r s i o n  
of bur ied  contaminat ion w i t h i n  homogeneous s o l i d  m a t e r i a l s .  This  be ing  
t h e  case ,  t h e  p r o b a b i l i t y  t h a t  exac t ly  K organisms a r e  contained w i t h i n  
t h e  exposed subvolume V i s  given by Expression (2 ) .  I n  t h i s  express ion  
e 
Ne denotes  t h e  number of organisms exposed through t h e  f r a c t u r i n g  process .  
The preceding two assumptions on t h e  e f f e c t i v e  subvolume of m a t e r i a l  ex- 
posed by f r a c t u r i n g  and t h e  uniform d i s p e r s i o n  of b i o l o g i c a l  contaminat ion 
w i t h i n  t h e  s e l e c t e d  m a t e r i a l s  c o n s t i t u t e  t h e  b a s i s  f o r  t h e  a n a l y t i c a l  b io -  
assay  procedure presented  and app l i ed  i n  t h e  remainder of t h i s  r epo r t .  
E f f e c t i v e  Subvolume of Mater ia l  Exposed Through Frac tu r ing  
- Exposure depth c o e f f i c i e n t  
Ae - Exposed su r face  a r e a  
P robab i l i ty  t h a t  Exactly K Organisms a r e  Exposed Through Frac tu r ing  
C = Mean concentrat ion of organisms per  u n i t  volume of mater ia l .  
SECTION 3 - Development of t h e  Bio-assay Procedure 
THE BAS I C YlrrHEMATI CAI, RELATIONS HIP (MODEL) 
The p r o b a b i l i t y  t h a t  bu r i ed  contaminat ion w i l l  be exposed through f r a c t u r i n g  
i s  ob ta ined  from t h e  assumed Poisson  d i s t r i b u t i o n .  The r e s u l t i n g  r e p r e -  
s e n t a t i o n  is t h e  b a s i c  r e l a t i o n s h i p  o r  model under ly ing  t h e  proposed b i o -  
assay  procedure, 
The p r o b a b i l i t y  t h a t  bur ied  contamination w i l l  be  exposed when a s o l i d  
m a t e r i a l  i s  f r a c t u r e d  can b e  obta ined  from t h e  previous ly  developed form of 
t h e  Poisson  d i s t r i b u t i o n  (Expression (2) ). It coinc ides  w i t h  t h e  Poisson  
p r o b a b i l i t y ,  p, t h a t  a t  l e a s t  one v i a b l e  organism is  contained i n  t h e  
e f f e c t i v e  subvolume of m a t e r i a l  exposed a s  a r e s u l t  of t h e  f r a c t u r i n g  pro- 
cess .  The express ion  f o r  t h i s  p r o b a b i l i t y ,  i nd i ca t ed  by Expression (3) on 
t h e  f a c i n g  page, c o n s t i t u t e s  t h e  b a s i c  r e l a t i o n s h i p  underlying t h e  proposed 
bio-assay procedure. For convenience, it  i s  r e w r i t t e n  i n  Expression (4) 
a s  a r e l a t i o n s h i p  which s p e c i f i e s  t h e  mean concen t r a t ion ,  C, of organisms 
per  u n i t  volume of m a t e r i a l  i n  terms of  t h e  parameters  h , A,, and p. 
I n  p r i n c i p l e ,  i f  va lues  of 1 , 4, and p a r e  s p e c i f i e d ,  then  t h e  unknown 
concen t r a t ion ,  C, can  be  determined on t h e  b a s i s  of Expression (4) .  In  
p r a c t i c e ,  none of t h e  above parameters can be  determined o r  c o n t r o l l e d  
exac t ly .  The exposure depth  c o e f f i c i e n t ,  X , can be  es t imated  on t h e  b a s i s  
of experimental  l abo ra to ry  d a t a  on v a r i e d  m a t e r i a l s .  (The previous ly  men- 
t i oned  e s t ima te s  of  X were determined on t h e  b a s i s  of Expression ( 3 ) ,  
c o n t r o l l e d  va lues  of C and Ae and exper imenta l ly  obta ined  estimates of  p.) 
Assuming t h a t  t h e  a r e a ,  Ae, exposed through f r a c t u r i n g  can  be c o n t r o l l e d  
s u f f i c i e n t l y ,  e s t ima te s  of p can be obta ined  experimental ly .  These e s t tma te s  
of p can be  converted t o  upper bound e s t ima te s  of C t o  any l e v e l  of confidence 
on t h e  b a s i s  of Expression (4) and s tandard  s t a t i s t i c a l  e s t ima t ion  techniques.  
Probab i l i ty  t h a t  Buried Contamination is  Exposed Through Fractur ing 
The Mean Concentration of Buried Contamination Per Unit Volume of Mater ia l  
SECTION 3 - Development of t h e  Bio-assay Procedure 
STATISTICAL LOAD ESTIMATION PROCESS 
An upper bound e s t ima te  of  t h e  mean b io- load ,  e x p r e s s i b l e  t o  any l e v e l  o f  
confidence,  i s  determined from Express i on  (5) and experimental ly  obta ined  
e s t ima te s  of t h e  p r o b a b i l i t y  t h a t  bur ied  contaminat iog w i l l  be exposed 
by f r a c t u r i n g .  
Suppose t h a t  s samples of a s p e c i f i c  s p a c e c r a f t  m a t e r i a l  a r e  s e l e c t e d  a t  
random (e.g., t h e  samples could be p i ece  p a r t s  cons t ruc t ed  from a p a r t i c u l a r  
homogeneous m a t e r i a l ) .  F u r t h e r ,  suppose t h a t  each  sample i s  f r a c t u r e d  ex- 
posing a predetermined amount of new s u r f a c e  a r e a ,  t h e  same a r e a  be ing  gen- 
e r a t e d  f o r  a l l  samples. Each sample i s  c l a s s i f i e d  a s  " p o s i t i v e " i f  and 
only i f  b i o l o g i c a l  contaminat ion is  found on t h e  newly exposed s u r f a c e  a r e a  
upon cu l tu r ing .  Assuming a l l  samples a r e  processed according t o  a f i x e d  
experimental  procedure,  t h e  number of p o s i t i v e s  is  Binomially d i s t r i b u t e d  
w i t h  "success" parameter p ,  a s  def ined  i n  Expression (3).  IIence, t h e  pro- 
p o r t i o n ,  p ,  of p o s i t i v e s  has an  average o r  mean va lue  p and is  d i s t r i b u t e d  
a s  s p e c i f i e d  i n  Expression (5) on t h e  f a c i n g  page. Knowledge of t h e  d i s -  
A 
t r i b u t i o n  of p a l lows  f o r  t h e  de te rmina t ion  of a r b i t r a r y  confidence i n -  
t e r v a l s  f o r  t h e  unknown p ,  expressed i n  terms of observed va lues  of fj .. 
Appendix A con ta ins  a procedure f o r  ob ta in ing  confidence i n t e r v a l s  f o r  p 
i n  t e r m s  of and t h e  sample s i z e  s. F igures  I - B through I V  - B of  
Appendix B a r e  d i s p l a y s  of  50, 80,  90 and 95 percent  confidence i n t e r v a l s  
f o r  p ,  r e s p e c t i v e l y ,  determined us ing  t h e  procedures o u t l i n e d  i n  Appendix 
A. The va r ious  curves i n  each f i g u r e  correspond t o  s e l e c t e d  sample s i z e s .  
S ince  t h e  mean b io-concent ra t ion ,  C,  s p e c i f i e d  i n  Expression (4) i s  a n  i n -  
c r e a s i n g  func t ion  of p ,  upper confidence l i m i t s  f o r  p can be t ransformed,  
v i a  t h i s  express ion  i n t o  corresponding confidence l i m i t s  on C. S ince  t h i s  
t ransformat ion  involves  t h e  exposed a r e a  a s  w e l l  t h e  sample s i z e ,  a g iven  
confidence l i m i t  on p t ransforms i n t o  a d i s t i n c t  confidence l i m i t  on C f o r  
each va lue  of exposed a rea .  F igure  V - B through V I I I  - B of  Appendix B 
d i s p l a y  t h e  r e s u l t i n g  upper confidence l i m i t s  on C ,  corresponding t o  s e l e c t e d  
va lues  of s ,  Ae and t h e  observed propor t ion ,  b ,  of p o s i t i v e s .  It should be  
noted t h a t  t h e  lower confidence l i m i t s o n  p ,a re  no t  transformed i n t o  
l i m i t s  on C i n  t h e s e  f i g u r e s  s i n c e  primary concern he re  is w i t h  upper bound 
l i m i t s .  
F igures  V - B through V I I I  - B of Appendix B provide  t h e  necessary t o o l s  f o r  
t e s t i n g  and implementing t h e  proposed a n a l y t i c a l  bio-assay procedure. The 
remainder of  t h i s  r e p o r t  conta ins  a s tep-by-s tep  procedure f o r  apply ing  
t h e s e  f i g u r e s ,  an  i l l u s t r a t i v e  a p p l i c a t i o n  and a d i scuss ion  of  p o t e n t i a l  
sources  of load  e s t i m a t i o n  e r r o r  a s soc i a t ed  w i t h  t h e  procedure. 

SECTION 4 - Appl ica t ions  of t h e  Bio-assay Procedure 
SUPQIARY PROCEDURE AND ILLUSTRATION 
The preceding development i s  converted t o  a n  o p e r a t i o n a l  procedure us ing  
Figures  V-B t h r u  V I I I - B  of Appendix B. 
On t h e  b a s i s  of t h e  preceding development, a p ro toco l  f o r  e s t a b l i s h i n g  upper 
bound e s t ima te s  of t h e  mean bio- load bur ied  w i t h i n  a given s p a c e c r a f t  
m a t e r i a l  , is  summarized a s  fol lows : 
1. Determine a n  appropr i a t e  combination of sample s i z e ,  
s ,  and a r e a  t o  be exposed, A, ( t h i s  dec i s ion  is  
I 1  based,  f o r  t h e  most p a r t ,  upon f r a c t u r a b i l i t y "  and 
c o s t  cons idera t ions)  
2. S e l e c t  a t  random a number, s ,  o f  samples of  t h e  
g iven  s p a c e c r a f t  m a t e r i a l .  
3 .  F r a c t u r e  each sample s o  a s  t o  y i e l d  t h e  s e l e c t e d  
amount, Ae, of newly exposed area .  
4 .  For each  sample, e s t a b l i s h  whethef v i a b l e  organisms 
were exposed upon f r a c t u r e .  Le t  p denote t h e  
p ropor t ion  of samples which y i e l d  contamination, 
A i . e .  p is  t h e  p ropor t ion  of p o s i t i v e  samples. 
A 
5. On t h e  b a s i s  of s ,  Ae a n d p  and t h e  d e s i r e d  
l e v e l  of confidence read  t h e  corresponding upper 
bound e s t ima te  of t h e  mean bio- load on t h e  appro- 
p r i a t e  graph from Figures  V-B through V I I I - B  of 
Appendix B. 
The ind ica t ed  graphs do not  a l low f o r  a r b i t r a r y  s e l e c t i o n s  of t h e  sample 
s i z e  and exposed a rea .  I n  t h e  event  t h a t  curves corresponding t o  o t h e r  
va lues  of  t h e s e  parameters  a r e  needed, they can be determined from 
Expression (4) and Figures  I - B  through I V - B  of Appendix B. 
To i l l u s t r a t e  t h e  procedure, suppose t h a t  25 samples of a g iven  s p a c e c r a f t  
m a t e r i a l  a r e  s e l e c t e d  and each sample is  f r a c t u r e d ,  y i e l d i n g  a n  exposed 
a r e a  of 2.5 square  inches.  Suppose t h a t  15 of t h e s e  samples d i s p l a y  con- 
tamina t ion  on t h e  newly exposed su r f aces .  F i n a l l y ,  assume t h a t  a n  upper 
bound e s t ima te  of  t h e  mean b io-concent ra t ion  i s  d e s i r e d  a t  t h e  90% confidence 
l e v e l .  It i s  determined from Figure  V I I I - B  of  Appendix B ,  i . e .  t h e  graph- 
i c a l  d i s p l a y  corresponding t o  t h e  90% confidence l e v e l .  The a p p r o p r i a t e  
curve i n  t h i s  f l g u r e  is  t h e  one corresponding t o  t h e  given sample s i z e ,  i . e .  
s=25. The observed p ropor t ion  of p o s i t i v e  samples is  g iven  by p = 15/25 = 0.6, 
This  va lue  on t h e  h o r i z o n t a l  a x i s  of t h e  f i g u r e  determines t h e  a p p r o p r i a t e  
po in t  on t h e  s=25 curve. Using t h e  v e r t i c a l  s c a l e  corresponding t o  t h e  
2 
exposed area A = 2.5 in , an upper bound estimate of the mean bio- 
e 4 
concentration 1s seen to be less than 1.04 x 10 viable organisms per 
cubic inch with 90% confidence. This concentration, when multiplied 
by the total volume of subject material on the spacecraft, produces an 
upper bound estimate of the bio-load buried within the given material. 

SECTIm 5 - A Preliminary Evaluation of the  Bio-assay Procedure 
SENSITIVITY OF LOAD ESTIMATES TO THE CONTROL AND MEASUREPEHT OF X AND Ae 
To a f i r s t  order approximation, percent e r ro rs  i n  the  measurement of e i t h e r  
o r  A, induce equivalent percent e r ro rs  i n  estimates of the  mean con- 
cen t ra t ion  of buried contamination. 
As indicated i n  Expression ( 4 ) ,  the  mean concentration of buried contamination 
i s  inversely proportional both t o  the  exposure depth coef f ic ien t ,  X , and 
t o  t he  exposed a rea ,  Ae. Therefore, t o  a f i r s t  order approximation, percent 
e r r o r s  i n  the measurement of e i t he r  one of these parameters r e s u l t  i n  
i den t i ca l  percent e r ro rs  i n  the  mean concentration of buried contamination. 
Although t h i s  statement cannot be extended beyond ce r t a in  l im i t s ,  it does 
provide an approximate quan t i t a t ive  measure of the  e f f ec t s  of measurement 
e r r o r s  i n  h and Ae on estimates of the  unknown mean concentration, C. 
As noted e a r l i e r ,  experimentally determined estimates of X ranged between 
one and th ree  microns fo r  a spec i f i c  mater ia l  ( luc i te )  and par t i cu la r  
measurement procedures. I f  the  "true" value of 1 l i e s  wi thin  t h i s  range 
f o r  a l l  spacecraft  materials  then a maximum of 300% e r ro r  i n  X i s  possible 
( i , e , ,  assuming X equals 3 microns but i s  estimated t o  be 1 micron). 
Assuming t ha t  order o r  magnitude estimates of spacecraft  bio-loads a r e  
s u f f i c i e n t  f o r  most appl icat ions ,  e r ro r s  of the  above magnitude appear t o  
be acceptable. I n  any case, taking as the  lower l i m i t  of the  range of 
est imates ( i .e . ,  1 micron) provides more concervative upper bound estimates 
of  C than would any other value se lected i n  t he  given range; t h i s  i s  con- 
s i s t e n t  with s t e r i l i t y  assurance. There i s  no question, however, t ha t  
est imates of corresponding t o  materials  other than l u c i t e  i s  des i rable ,  
i f  not  mandatory. 
There i s  a spa r s i t y  of both theore t ica l  and empirical data  on t he  control  
and measurement of surface areas exposed by f ractur ing materials  of t he  
types used i n  spacecraft  construction. Moreover, the  implications of a 
given d i s t r i bu t i on  of measurement e r ro rs  i n  A are ,  a t  bes t ,  d i f f i c u l t  t o  
der ive  on a s t a t i s t i c a l  bas is  owing t o  the  r e f a t i ve ly  complex re la t ionsh ip  
between A , the  observed datum, fly and the  estimated mean biological  
concentration. For these reasons, i t  i s  d i f f i c u l t  t o  speculate on the  
e r r o r s  introduced i n to  bio-assay estimates as  a r e s u l t  of incorrect  measure- 
ments of exposed areas. The previously referenced Pheonix experiments (1) 
f a i l e d  t o  provide su f f i c i en t  data  fo r  resolving these questions completely, 
even as applied t o  l uc i t e .  However, evaluation of the  experimental pro- 
cedures and the resu l t ing  data does suggest t h a t ,  f o r  t h i s  par t i cu la r  
mate r ia l ,  the  area  control  and measurement procedures used along with 
s e l ec t i ng  1 equal t o  one micron is adequate fo r  present purposes. Here 
again,  extrapolat ion t o  other materials  may not be va l id ;  hence, addi t ional  
da t a  i n  t h i s  regard i s  warranted. 

SECTION 5 - A Preliminary Evaluation of the  Bio-Assay Procedure 
ADDITIONAL SOURCES OF POTENTIAL ERROR 
Po ten t ia l  sources of e r ro r  re la ted  t o  def ic iencies  i n  the  sampling and 
cu l tu r ing  processes a s  wel l  as t he  ana ly t ica l  model i t s e l f  ind ica te  t he  
need f o r  controlled t e s t s  of the  bio-assay procedure. 
The proposed procedure evolved, i n  pa r t ,  from the  assumption of a Poisson 
d i s t r i bu t i on  of v iab le  organisms within t he  i n t e r i o r s  of materials  being 
assayed. Although t h i s  representa t ion has i n t u i t i v e  appeal fo r  most appl i -  
ca t ions ,  a t e s t  and va l ida t ion  phase i s  nevertheless necessary before 
implementation is considered. 
Estimation e r rors  a r e  l i ke ly  t o  occur i f  improper sampling, and/or cul tur ing 
procedures a r e  followed. I n  sampling mater ia l ,  care  must be taken t o  insure 
t h a t  a representa t ive  cross-section i s  se lec ted ,  i .e . ,  samples independently 
taken from d i s t i n c t  batches of the  given material .  Otherwise, the  se lected 
sample s i z e  could be insuf f ic ien t  f o r  a t t a in ing  a desired confidence leve l .  
The cul tur ing procedure i s  int imately connected wi th  the  exposure depth co- 
e f f i c i e n t ,  X , s ince  the  depth of penetrat ion i s  l i ke ly  t o  vary wi th  the  
nature  or  type of cu l tu re  medium. For any given depth of penetrat ion,  how- 
ever,  t he  cul tur ing process should be capable of detect ing a l l  v iab le  
organisms which a r e  exposed. 
It is important t o  note t ha t  the  proposed bio-assay procedure, i f  successful ,  
produces upper bound estimates of t he  mean concentration taken over t he  
t o t a l  population of t he  sample mater ia l  under investigation.  This i s  l e s s  
than desi rable  from the  standpoint of appl icat ion t o  s t e r i l i z a t i o n  require-  
ments fo r  individual  lander missions. For example, it i s  possible,  though 
qu i t e  unlikely,  t ha t  the  dispersion of concentration from sample t o  sample 
i s  very large. I f  so ,  an upper bound estimate of the  mean concentration t o  
any l e v e l  of confidence could have a r e l a t i ve ly  high probabi l i ty  of being 
l e s s  than the concentration of a randomly selected sample and spacecraft .  
Further t e s t i ng  and analysis  a r e  warranted on t h i s  bas is  alone. 

SECTION 6 - Recommendations 
THE NEED FOR TESTING mD FURTHER ANALYSIS 
T e s t s  and a d d i t i o n a l  a n a l y s i s  of t h e  use fu lnes s ,  engineer ing  p r a c t i c a l i t y  
and economics of t h e  proposed procedure a r e  recommended p r i o r  t o  
implementation. 
App l i ca t ion  of  t h e  proposed bio-assay progedure t o  any g iven  s p a c e c r a f t  
m a t e r i a l  y i e l d s  a n  upper bound e s t ima te ,  C, o f  a n  unknown mean concen t r a t ion  
of  bur ied  organisms w i t h i n  t h e  ma te r i a l .  The use fu lnes s  of t h i s  e s t ima te  
depends bo th  upon i t s  accuracy and t h e  amount of information it conta ins .  
Acceptable q u a n t i t a t i v e  measures ~f t h e  e f f e c t s  of t h e  previous ly  ind ica t ed  
e r r o r  sources  on t h e  accuracy of C must be determined. Fu r the r ,  t h e  pro- 
cedure must be shown t o  y i e l d  informat ion  which is  needed and p r e s e n t l y  
unava i l ab l e  (e.g. ,  e s t ima te s  which a r e  c o n s i s t e n t l y  g r e a t e r  t han  a l r eady  
known upper bounds a r e  of l i t t l e  o r  no use).  Attainment of t h e s e  o b j e c t i v e s  
r e q u i r e s  t h e  accomplishment of app ropr i a t e  t e s t s  and ana lyses .  For example, 
experimental  t e s t  a p p l i c a t i o n s  should b e  conducted on va r ious  c l a s s e s  of  
m a t e r i a l s  wherein t h e  bur ied  loadings a r e  con t ro l l ed  (known). I n  a d d i t i o n ,  
f u r t h e r  a n a l y t i c a l  s t u d i e s  should be pursued which r e l a t e  t o  t h e  e f f e c t s  
of  (1) e r r o r s  i n  t h e  measurement of A and X , (2) t h e  assumption of 
uniformly d i s t r i b u t e d  organisms and (4) t h e  e r r o r s  introduced by v i r t u e  
o f  t h e  f a c t  t h a t  e s t ima te s  r e l a t e  t o  t h e  mean concen t r a t ion  r a t h e r  than  
t h e  p a r t i c u l a r  concen t r a t ion  going a l o f t  i n  a s p a c e c r a f t .  
A r e s e a r c h  a r e a  r e q u i r i n g  i n v e s t i g a t i o n  is  t h e  engineering p r a c t i c a l i t y  of 
apply ing  t h e  proposed procedure. It must be determined, f o r  example, 
whether a p p r o p r i a t e  c o n t r o l  and measurement of t h e  a r e a  exposed, A , is  
f e a s i b l e .  (The requirements  on t h i s  accuracy should evolve from t g e  e f f o r t s  
d i scussed  i n  t h e  preceding paragraph.) The p r a c t i c a l i t y  of a p p r o p r i a t e l y  
c u l t u r i n g  t h e  exposed s u r f a c e  a r e a s  a l s o  r e q u i r e s  a d d i t i o n a l  s tudy.  
F i n a l l y ,  c o n s i d e r a t i o n  must b e  g iven  t o  t h e  economics of t h e  proposed 
procedure. For t h e  most p a r t ,  t h i s  should be  based upon t h e  c o s t  of s e -  
c u r i n g  and process ing  s u f f i c i e n t  numbers and v a r i e t i e s  of sample s p a c e c r a f t  
m a t e r i a l s .  
APPENDIX A 
Computation of Confidence Intervals 
for Binomial "~uccess'~ Probability 
APPENDIX A - Computation of Confidence I n t e r v a l s  f o r  a Binomial "Success" 
P r o b a b i l i t y  
Confidence i n t e r v a l s  can be e s t a b l i s h e d  f o r  t h e  "success1' parameter of  a 
Binomial d i s t r i b u t i o n  by us ing  an  approximating normal d i s t r i b u t i o n .  
These i n t e r v a l s  can then  be transformed i n t o  upper and lower bounds upon 
the  bio- load.  
As ind ica t ed  i n  t h e  main body of t h i s  r e p o r t ,  t h e  confidence l i m i t s  e s t a b -  
l i s h e d  f o r  t h e  mean b io- load  a r e  d i r e c t l y  r e l a t e d  t o  t h e  confidence i n t e r v a l s  
f o r  a Binomially d i s t r i b u t e d  v a r i a b l e  i, which r e p r e s e n t s  t h e  observed pro- 
po r t ions  of t imes contaminat ion was d e t e c t e d  i n  t h e  load e s t ima t ion  procedure. 
Expression (Al) on t h e  f ac ing  page expresses  t h e  d e f i n i t i o n  of a confidence 
i n t e r v a l .  The i n t e r p r e t a t i o n  of t h i s  express ion  i s ;  f o r  a confidence o f  1-a , 
t h e  p r o b a b i l i t y  t h a t  t h e  parameter p i s  contained w i t h i n  t h e  i n t e r v a l  (p  r l pu) is g r e a t e r  than  o r  equal  t o  1- a. For t h e  p a r t i c u l a r  u s e  of a Binomial b l s -  
t r i b u t i o n ,  Express i o n  (Al) i s  so lved  by f i r s t  cons ider ing  express  ions  (A2) 
and (A3). I n  t h e s e  express ions ,  t h e  parameters p and p t a k e  on t h e  l a r g e s t  
U L p o s s i b l e  va lue  such  t h a t  t h e  g iven  i n e q u a l i t i e s  a r e  s a t i s f i e d .  This  would 
then  g ive  t h e  (1-@) confidence i n t e r v a l  of (p  p ) on t h e  parameter p. How- 
L' u 
eve r ,  from a computational po in t  of  view, Expressron (A2) and (A3) a r e  sub- 
j e c t  t o  round-off e r r o r s  and machine overflow. By us ing  a well-known normal 
approximation t o  t h e  Binomial d i s t r i b u t i o n ,  we can r e p l a c e  Expressions (A2) 
and (A3) w i t h  t h e  corresponding express ions  r e s u l t i n g  from t h i s  approximation. 
The approximating normal d i s t r i b u t i o n  w i l l  have mean p and s tandard  d e v i a t i o n  
A Thus p and p a r e  r e l a t e d  a s  i n  Expression (A4) on t h e  f ac ing  page. This  
equat ion  must be  so lved  f o r  p i n  o r d e r  t o  o b t a i n  p and pU. It can be shown L 
t h a t  Expression (A5) is  t h e  r e s u l t  of so lv ing  (A4) t o  o b t a i n  p i n  terms of  9.. 
Expression (A4) w i t h  t h e  p lus  s i g n  corresponds t o  t h e  upper h a l f  of a n  e l l i p s e  
which g ives  t h e  upper confidence l i m i t  on p. Likewise, u s ing  t h i s  exp res s ion  
w i t h  t h e  nega t ive  s i g n  g ives  t h e  lower h a l f  of t h i s  e l l i p s e  corresponding t~ 
t h e  lower confidence l i m i t  on  p. A family of  t h e s e  e l l i p s e s  is shown i n  
F igures  (I-B) t h r u  (IV-B) of Appendix B. Since we a r e  i n t e r e s t e d  i n  upper 
bounds on t h e  b io- load ,  Expression (A6) g ives  t h e  upper bound on t h e  b io- load  
i n  terms of  p a 
u 
A 
I n  t h e  load  e s t ima t ion  procedure a va lue  f o r  p would b e . o b t a i n e d  f o r  t h e  
A p a r t i c u l a r  sample s i z e  used. For t h i s  va lue  of p and f o r  a d e s i r e d  confidence 
l e v e l  Pu would be obtained from Expression (A5). 
s = sample size 
6 = standardized normal deviate 
APPENDIX B 
Graphical Displays of Confidence Limits 
a 
z :: 
- m  % ?  " 
u-' fir k! 
$ 2 ;  










I. Schalkowsky, Samuel; Kline, Robert C. ; and DeGraff, Elliott: Effect of 
Microbial Release Probabilities on Spacecraft Sterilization Require- 
ments. Tech. Rept. SR-034, Systems Res. Div., Exotech Inc. , 
Aug. 1968. 
2. Frase r ,  S. J. : The Survival and Release of Viable Microorganisms from 
a Solid Material After a Hard Impact. Rev. Ltr .  D2-114143-1, 
The Boeing Co. , n. d. 
